AMP-activated protein kinase (AMPK), a key regulator of cellular energy homeostasis, is present in metabolic tissues (muscle and liver) and has been identified as a modulator of the female reproductive functions. However, its function in the testis has not yet been clearly defined. We have investigated the potential role of AMPK in male reproduction by using transgenic mice lacking the activity of AMPK catalytic subunit ␣1 gene [␣1AMPK knockout (KO)]. In the testis, the ␣1AMPK subunit is expressed in germ cells and also in somatic cells (Sertoli and Leydig cells). ␣1AMPK KO male mice show a decrease in fertility, despite no clear alteration in the testis morphology or sperm production. However, in ␣1AMPK Ϫ/Ϫ mice, we demonstrate that spermatozoa have structural abnormalities and are less motile than in control mice. These spermatozoa alterations are associated with a 50% decrease in mitochondrial activity, a 60% decrease in basal oxygen consumption, and morphological defects. The ␣1AMPK KO male mice had high androgen levels associated with a 5-and 3-fold increase in intratesticular cholesterol and testosterone concentrations, respectively. High concentrations of proteins involved in steroid production (3␤-hydroxysteroid dehydrogenase, cytochrome steroid 17 alpha-hydroxylase/17,20 lysate, and steroidogenic acute regulatory protein) were also detected in ␣1AMPK Ϫ/Ϫ testes. In the pituitary, the LH and FSH concentrations tended to be lower in ␣1AMPK Ϫ/Ϫ male mice, probably due to the negative feedback of the high testosterone levels. These results suggest that total ␣1AMPK deficiency in male mice affects androgen production and quality of spermatozoa, leading to a decrease in fertility. (Endocrinology 153: 3468 -3481, 2012) I nteraction between energy balance and reproductive status has been investigated for several decades. In humans, anorexia and obesity can harm ovarian function and spermatogenesis (for review see Refs. 1 and 2). A modification in quantity and/or quality of nutrition in female mammals could influence ovarian cycles and the weaning-estrus interval (for review, see Ref. 3).
I nteraction between energy balance and reproductive status has been investigated for several decades. In humans, anorexia and obesity can harm ovarian function and spermatogenesis (for review see Refs. 1 and 2). A modification in quantity and/or quality of nutrition in female mammals could influence ovarian cycles and the weaning-estrus interval (for review, see Ref. 3) .
During the last 15 yr, several messengers of the fuel gauge have been identified to regulate fertility. Mice, deficient or overexpressing hormones produced by adipose tissue such as leptin, adiponectin (4, 5) , or insulin signaling molecules (6, 7) show a decrease in fertility. At the cellular level, several proteins have been described as key factors involved in the relations between the energy homeostasis and reproductive functions. These proteins are nuclear receptors, kinases sensitive to the ATP to ADP ratio, or transcription factors. They are involved in the control of lipid and glucose metabolism. Several knockout (KO) mice models have shown a relationship between lipid/cholesterol metabolism and male fertility. For example, the nuclear oxysterol receptor [liver X receptor (LXR)] forms a heterodimer with the retinoid X receptor (RXR) and activates gene transcription involved in cholesterol transport such as the ATP-binding cassette transporters (8) . The double knockout of ␣-LXR /␤-LXR subunits in mice leads to a disrupted spermatogenesis and a vacuolization of seminiferous tubules growing with age. Spermatozoa present structure disturbance such as hairpin flagella and testes with high levels of intratesticular cholesterol associated with low testosterone levels (9 -11) . RXR␤ is a nuclear receptor that interacts as a heterodimer with different nuclear receptors such as retinoic acid receptor, LXR, peroxisome proliferator-activated receptor, and modulate cholesterol transport (12) . KO mice lacking RXR␤ have a progressive testicular degeneration, an accumulation of lipid droplets in Sertoli cells, and altered spermatozoa due to malformations of acrosome and mitochondrial sheaths (13) . Similarly, the hormone-sensitive lipase disruption, a cholesterol esterase (14) , results in a marked reduction in spermatid number and severe acrosome disturbances leading to sterility (15) . Thus, control of the lipid metabolism is closely connected to male gametogenesis. A key regulator of cellular energy and cholesterol homeostasis, the 5Ј-AMP-activated protein kinase (AMPK), has also been detected in reproductive tissue (16) . AMPK plays an important role in the fatty acid and cholesterol homeostasis (17) (18) (19) . Indeed, activation of AMPK inhibits expression of acetylcoenzyme A carboxylase (ACC), fatty acid synthase (FAS), and 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A reductase (HMGR), which are rate-limiting enzymes for cholesterol and fatty acid biosynthesis. AMPK also activates glucose transporter 4 (GLUT4) translocation, leading to an increase in glucose intake (for review, see Ref. 20) .
This serine threonine kinase, also named protein kinase AMP-activated (PRKA) or sucrose nonfermenting 1 (SNF1), is ubiquitous, being present in plants (21) , yeast (22) , and the animal kingdom [fish (23) , birds (24) , and mammals (25) ]. AMPK is a heterotrimeric complex composed of a catalytic subunit ␣ and two regulatory subunits ␤ and ␥. The ␣-subunit is present in two isoforms, ␣1 and ␣2, and two and three isoforms for ␤-and ␥-subunits, respectively. AMPK is sensitive to the AMP to ATP ratio, and its activation allows turning off of ATP-consuming processes and stimulation of catabolic pathways. Activation of AMPK requires the phosphorylation of ␣-subunit in threonine 172. The binding of AMP in regulatory subunits could activate AMPK directly by allosteric activation (16, 26) . Upstream kinases such as liver kinase B1 (LKB1) and Ca 2ϩ calmodulin-dependent protein kinase kinase 1 or 2 (CaMKK1 or CaMKK2) are clearly identified to phosphorylate AMPK (27, 28) , but other upstream kinases like TGF-␤-activated kinase (TAK1) (29) or kinase suppressor of Ras (KSR2) (30) could up-regulate AMPK activity. Furthermore, AMPK is activated by metabolic hormones leptin (31) and adiponectin (32) , two adipokines involved in energy homeostasis and whose receptors are also expressed in the ovary and testis.
By homology analysis of the catalytic domain of the AMPK sequence, Manning et al. (33) identified 12 AMPKrelated kinases [brain-specific kinase 1, brain-specific kinase 2, nuclear AMPK-related kinase 1, nuclear AMPKrelated kinase 2, Qin-induced kinase, salt inducible kinase, QSK (also named salt-inducible kinase 3, salt-inducible kinase, microtubule affinity-regulating kinase (MARK)1, MARK2, MARK3, MARK4, and maternal embryonic leucine zipper kinase] and eight other kinases less related to AMPK [noninducible immunity 1, sucrose nonfermenting related kinase (SNRK), testis specific serine kinase (TSSK)1, TSSK2, TSSK3, TSSK4, small serine/ threonine kinase, and hormonally upregulated neu-tumor associated kinase]. Most of them are activated by LKB1 (33) (34) (35) and four of these AMPK-related-kinases are found in the testis (MARK2, NIM1, SNRK, and TSSK1) (35) (36) . However, the role of these AMPK-related kinases has not been clearly defined (37) .
Activation of AMPK, by two synthetic drugs, 5-aminoimidazole-4-carboxamide-1-␤-d-ribofuranoside (AICA riboside) or metformin (an insulin sensitizer drug), decreases steroid production in ovarian granulosa cells (38) . In human granulosa cells, stimulation of adiponectin receptors (39 -42) increases the IGF-I-induced steroid production (43, 44) . In mouse oocytes, phosphorylation of AMPK provides a meiotic maturation signal that improves meiotic resumption (45) . Overall, these studies suggest that AMPK is closely linked to female fertility.
AMPK may have a role in the control of male fertility. Indeed, all AMPK subunits are found in the rat testis; however, the ␣1AMPK complexes account for most (about 75%) of the total AMPK activity in the testis (16) . In addition, in vitro incubation of Sertoli cells (the nurse cells of male germ cell lineage) with synthetic AMPK activators leads to an increase in the production of lactate, the energy substrate for germ cells (46) . Moreover, in mice, the loss of activity of AMPK kinase LKB1 (47) or the AMPK-re-lated kinase MARK2 (36) induces alteration of sperm production and morphology leading to a reduction in fertility or even sterility, suggesting possible involvement of AMPK activity in male fertility.
To test this hypothesis, we studied a transgenic mouse model inactivated for the ␣1AMPK subunit gene and analyzed sperm parameters and Sertoli and Leydig cell functions.
Materials and Methods

Animals
The generation and characterization of the transgenic mice have been previously described by Jørgensen et al. (48) . Briefly, an IRES-␤geo cassette (internal ribosomal entry site-␤-galactosidase and neomycin phosphotransferase fusion gene) was inserted to delete a part of the catalytic domain of ␣1AMPK subunit from amino acids 97-157. The genotype of the offspring was first determined by PCR as described previously (48 
Blood collection and tissue removal
Blood samples were recovered by intraorbital puncture in EDTA, centrifuged for 15 min at 3000 ϫ g, and plasma was stored at Ϫ20 C. For both genotypes, animals were killed by cervical dislocation, and liver, pituitary, epididymis, testes, and spermatozoa were immediately recovered and fixed in Bouin solution for histological studies or stored at Ϫ80 C. Total body weight was averaged before killing, and testes were weighed immediately after recovery.
Morphometry of testis
The testis volume was obtained using the formula: 0.71 ϫ length ϫ width 2 (49) . Testes, once fixed, were processed in paraffin and serially sectioned at 7 m slice thickness. Round transverse sections of seminiferous tubules diameters (n ϭ 20 measurements per animal, with five ␣1AMPK ϩ/ϩ and six ␣1AMPK Ϫ/Ϫ mice) were measured for each testis using an ocular measuring device (50) .
Leydig cell morphometry
The percent volume occupied by the Leydig cell nuclei was counted in 25 randomly selected areas per animal, using a 441-point square lattice at ϫ400 magnification. Because the Leydig cell nucleus is spherical, the volume of the nucleus of a single Leydig cell was estimated from the equation for the volume of a sphere (4/3 ϫ ϫ r 3 , where r is the radius of the nucleus of the cell). The total number of Leydig cells per testis was determined from the volume occupied by all Leydig cell nuclei in the testis volume and divided by the mean Leydig cell nucleus volume. Individual Leydig cell volume was obtained from the nucleus volume and the nucleus to cytoplasm ratio. For each animal, 45-85 Leydig cells per testis section were measured. The mean volume of the Leydig cells was calculated as described previously (51) .
Isolation of testicular cells
The preparation of spermatogonia, spermatocytes, spermatids, and peritubular and Leydig cells used in Fig. 1 was described by Toure et al. (52) , and Sertoli cells were prepared from 20-dold mice as described previously by Froment et al. (53) . Mouse Sertoli cells were cultured at 2 ϫ 10 5 cells per well in six-well dishes in HEPES-buffered F12/DMEM (Sigma Chemical Co., St. Louis, MO) added to 1% fetal calf serum (PAA Laboratories GmbH, Pasching, Austria) at 33 C in a humidified atmosphere of 5% CO2 in air. The medium was changed every 48 h. Cells were stimulated for 15 min with 100 ng/ml ovine FSH (Sigma) or for 48 h with 5 mM metformin (Sigma).
Histochemical staining for ␤-galactosidase activity
Testes were fixed in 4% paraformaldehyde in PBS for 1 h and then embedded in Tissue-Tek O.C.T., frozen at Ϫ80 C, and cut into 10-m sections with a cryostat. The sections were washed with PBS, incubated in PBS containing 2 mM MgCl 2 , 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , and 1 mg/ml 5-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside (X-gal) at 30 C for 24 h. The procedure for X-gal staining has been previously described by Papaioannou and Johnson (54) . Negative controls took the form of ␣1AMPK ϩ/ϩ mice.
Immunohistochemistry
Testes embedded in paraffin were serially sectioned at 7 m slice thickness. Deparaffinized sections were hydrated, microwaved for 5 min in an antigen unmasking solution (Vector Laboratories, Inc., AbCys, Paris, France), and left to cool to room temperature. The sections were then washed in a PBS bath for 5 min, and to quench endogenous peroxidase activity, they were immersed in peroxidase blocking reagent for 10 min at room temperature (Dako Cytomation, Dako, Ely, UK). After two PBS baths for 5 min, nonspecific background was prevented by incubation in 5% lamb serum/PBS for 30 min. Finally, sections were incubated overnight at 4 C with PBS containing primary antibody against phospho-ACC (Ser79) (1:200; Upstate Biotechnology Inc., Lake, Placid, NY), mouse homolog Drosophila Vasa (VASA) (1:200; AbCam, Cambridge, MA), transcription factor GATA-4 (GATA4) (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), proliferation cell nuclear antigen (PCNA) (1:500; Santa Cruz), and phospho-cAMP response element-binding protein (CREB) (Ser 133) (1:100; Cell Signaling Technologies, Beverly, MA). The next day, after two PBS baths for 5 min, sections were incubated with a ready-to-use labeled polymer-horseradish peroxidase antirabbit or antimouse for 30 min at room temperature (Dako Cytomation Envision Plus HRP system; Dako, Ely, UK). Finally, after two baths in PBS, staining was revealed by incubation with 3,3Ј-diaminobenzidine at room temperature (Sigma Fast diaminobenzidine tablet dissolved in deionized water; Sigma). Negative controls were incubated with rabbit or mouse IgG (data not shown).
The intensity of phospho-ACC and phospho-CREB staining was estimated by using the software Scion Image version 4.02 (Scion Corp., Frederick, MD). At least 50 measurements of a 25-m 2 area from different sections per animal (three animals per genotype) were made, and the mean result is expressed in arbitrary units.
Detection of apoptosis
Deparaffinized sections were hydrated, permeabilized with proteinase K, and the in situ end labeling of nuclear DNA fragmentation was performed as described in the instruction manual (FragEL kit; Calbiochem, VWR, West Chester PA). Negative controls were terminal deoxynucleotidyl transferase free.
Sperm head counts
Testes and epididymis were thawed and cut into 2-mm pieces. To isolate spermatozoa and elongated spermatid heads from the other cells, samples were then suspended in 1 ml 0.15 M NaCl, 0.05% Triton X-100 buffer. Samples were homogenized and sonicated for 30 sec. Sperm heads were counted with a hemocytometer, and after correction for sample volume and tissue weight, the concentration was determined as previously described by Jégou et al. (55) .
Sperm morphology and motility analysis
The cauda epididymis was cut into small pieces in M2 medium (Sigma) supplemented with 1% BSA; the sperm released into the medium were incubated 10 -15 min at 37 C in 5% CO 2 to allow sperm diffusion. At least 120 spermatozoa per animal were analyzed and classified as normal or atypical (microcephalic, curved spermatozoa, irregular head, or thinned head). The sperm suspension was also diluted for quantitative assessment of motility using a HamiltonThorne motility analyzer (Hamilton-Thorne Biosciences, Beverly, MA). For each sample, sperm curvilinear velocity and sperm straight-line velocity parameters were measured as indicators of sperm movement. For each mouse (n ϭ 6), 1000 spermatozoa were analyzed at 37 C in 100-m standard counting chambers (Leja, IMV Technologies, Aigle, France).
Mitochondrial activity
Mitochondrial activity was determined by JC-1 staining (Invitrogen, Cergy-Pontoise, France). Fresh epididymal semen was incubated with 2 M JC-1-M2 medium for 15 min at 37 C, and then spermatozoa were washed and examined using standard immunofluorescence microscopy (at least 150 spermatozoa per animal were analyzed). A green fluorescence emission was detected in the presence of low mitochondrial membrane potential, and an orange/red fluorescence was emitted in mitochondria with high membrane potential.
Determination of sperm mitochondrial oxygen consumption (JO 2 )
Spermatozoa were collected in M2 medium supplemented with 5 mM sodium pyruvate according to the method previously described by Mukai and Okuno (56) and were resuspended at a density of 2 ϫ 10 6 spermatozoa/ml. The JO 2 (picomoles O 2 per second per 10 6 cells) of the cell suspension was recorded at 37 C with an Oroboros Oxygraph-2k (Oroboros, Innsbruck, Austria), and data were acquired with DatLab4 software. Basal cell respiration was determined, and then oligomycin (0.5 g/ml) and increasing concentrations of carbonyl cyanide m-chlorophenylhydrazone (1-2 M) were subsequently added to determine the oligomycin-sensitive JO 2 (basal JO 2 minus oligomycin-insensitive JO 2 ), which represents the cellular oxygen consumption related to ATP synthesis and the maximal (uncoupled) respiratory rate, respectively.
FIG. 1.
Expression of ␣1AMPK in testis. A1 and A2, Analysis of the ␤-galactosidase activity and expression in the testis (gene reporter inserted in ␣1AMPK gene) (48) (black arrowheads localized peritubular cells); A2, negative controls were analyzed in ␣1AMPK wild-type mice (absence of the gene reporter). Scale bar, 20 m. B, Western blot analysis of ␣1AMPK and ␣2AMPK subunits in the whole testis and different testicular cells in wild-type mice or ␣1AMPK Ϫ/Ϫ , ␣2AMPK Ϫ/Ϫ mice (testis ␣1AMPK Ϫ/Ϫ , testis ␣2AMPK Ϫ/Ϫ ), respectively. Liver was used as positive control (lane 1). C, Immunohistochemical staining of phospho-ACC in ␣1AMPK wild-type testis section (1 and 2) and in ␣1AMPK KO testis section (3 and 4). Scale bar, ϭ20 m. D, Quantification of the phospho-ACC staining intensity. Data are represented as means Ϯ SEM (n ϭ 3). ***, P Ͻ 0.001.
Transmission electron microscopy
Testes (n ϭ 4 mice in each genotype) and spermatozoa (n ϭ 6 mice in each genotype) were fixed in 4% glutaraldehyde, 0.1 M sodium cacodylate buffer (Sigma) (pH 7.4) for 24 h at 4 C, postfixed in 1% osmium tetroxide, and embedded in Eponaraldite resin. For ultrastructure analysis, samples were serially sectioned at 70 nm slice thickness, placed on 200-mesh copper grids, and stained with uranyl acetate followed by lead citrate. Finally, sections were examined on a CM10 electron microscope (CM 10; Philips, Eindhoven, The Netherlands). Analysis software was used for image acquisition (Soft Imaging System, Olympus, Münster, Germany), and 40 and 80 spermatozoa in ␣1AMPK ϩ/ϩ and ␣1AMPK Ϫ/Ϫ mice, respectively, and more than 2000 mitochondria per genotype were analyzed and classified as normal or exhibiting partial/total cristolysis.
Oxidative stress
The total antioxidant capacity of testicular cell lysates was evaluated by using the Cayman's antioxidant assay kit according to the instruction manual (Cayman, Interchim, Montluçon, France). This assay is based on the ability of antioxidants (vitamins, proteins, lipids, glutathione, uric acid, etc.) to inhibit the oxidation of 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid. Total antioxidant capacity was expressed as Trolox equivalent antioxidant capacity per milligram of testis.
Western immunoblotting
Lysates of liver, testis, epididymis, or isolated testicular cells (described above), and the protein analysis by immunoblot assay were described previously (50) . Protein concentration was measured by a colorimetric assay (DC assay kit; Uptima Interchim, Montluçon, France).
Primary antibodies against ␣1AMPK and ␣2AMPK were a kind gift from G. Hardie (University of Dundee, Dundee, UK), 3␤-hydroxysteroid dehydrogenase (3␤HSD) and cytochrome P450c17 (P450c17, 17 alpha-hydroxylase/17,20 lysate) were purchased from Santa Cruz Biotechnology, phospho-CREB (Ser 133) from Cell Signaling Technologies, and tubulin and vinculin from Sigma. The anti-steroidogenic acute regulatory protein (StAR) and anti-p450scc (cholesterol side-chain cleavage enzyme) antibodies were generously provided by Dr. Dale Buchanan Hales (Department of Physiology and Biophysics, University of Illinois at Chicago, Chicago, IL). All antibodies were used at 1/1000 dilution in Western blotting, except 3␤HSD and phospho-CREB antibodies diluted at 1:500. The signal was detected with horseradish peroxidase conjugated with specific secondary antibody followed by an enhanced chemiluminescence reaction.
The band densities were estimated by using the software Scion Image version 4.0.2. The results are expressed as the signal intensity in arbitrary units and correspond to the average of three cell lysate signals per genotype after normalization by an internal standard (tubulin or vinculin).
Hormone assay
Testosterone and cortisol concentrations were assessed by RIA in duplicate as previously described (57, 58) . For testosterone assay, a sensitivity test was 15 pg/tube and intraassay coefficients of variation of 5.3%. The sensitivity of the cortisol assay was 0.25 ng/ml, and the intraassay of variation was 6.6% at 4 ng/ml. Concentrations of LH and FSH in plasma and pituitary extracts were determined by RIA using reagents supplied by the National Institute of Diabetes and Digestive and Kidney Diseases (Bethesda, MD) (rLH: rLH-RP-3; rFSH: rFSH-RP-2) as described by McNeilly and colleagues (59, 60) . The sensitivity was 0.1 ng/ml (LH) and 1 ng/ml (FSH), and the intraassay coefficients of variation were less than 5%.
Lactate, cholesterol, and cAMP assay
Lactate and cholesterol concentrations were determined according to commercial spectrophotometric assays (Sigma Diagnostics procedure no. SELACT02 from Sigma, l'Isle d'Abeau Chesnes, France; cholesterol RTU, TG PAP 150 from BioMerieux, Marcy l'Etoile, France). cAMP concentration was measured by cAMP-Glo Assay (Promega, Madison, WI). Each standard and sample was assessed in duplicate.
Statistical analysis
All data are presented as the mean Ϯ SEM. Student's t test was used to compare means between ␣1AMPK KO samples and their corresponding control. In the case of multiple comparisons of means, statistical analysis was performed by ANOVA followed by the Newman-Keuls test. Probability values Յ0.05 were considered significant.
Results
Alteration of fertility in male ␣1AMPK
؊/؊ mice Adult males lacking the activity of ␣1AMPK have shown a significant decrease in fertility, as attested by the number of pups per litter when ␣1AMPK KO males were crossed with ␣1AMPK ϩ/Ϫ females in comparison with ␣1AMPK ϩ/Ϫ males (5.1 Ϯ 0.5 vs. 6.7 Ϯ 0.5 pups per litter, respectively, Table 1 ). ␣1AMPK Ϫ/Ϫ males crossed with 
␣1AMPK
Ϫ/Ϫ females presented a stronger decrease in fertility (4.6 Ϯ 0.4 pups per litter). The ␣1AMPK gene in transgenic mice (48) was disrupted by insertion of the reporter gene ␤-galactosidase, allowing us to localize the expression of ␣1AMPK in the testis by X-gal staining (Fig.  1A) . ␣1AMPK is expressed in Leydig cells, Sertoli cells, and in germ cells (Fig. 1) . ␣1AMPK was also detected in epithelium of the epididymal ducts (Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Absence of ␣1AMPK expression in the testis of ␣1AMPK Ϫ/Ϫ mice was confirmed by Western blot using ␣1 antibody (Fig.  1B) ; consistent with this, we observed a reduction of the phospho-ACC-immunoreactive cells in seminiferous tubules, one of the major downstream targets of AMPK (P Ͻ 0.001) (Fig. 1, C  and D) . ␣2AMPK is present in the testis at a lower level (Fig. 1B) . As previously reported, the average body and testis weight in ␣1AMPK KO mice is similar to those of wild mice (61) (Supplemental Table 1 ). Morphological analysis of testis and epididymis ( Fig. 2A and Supplemental Fig. 1) has not shown clear alteration of structure and polarity between the two genotypes.
Alteration of spermatozoa in male
To identify the cause of reduced fertility, an analysis of the testis cell composition by using a specific cell marker of germ cells (VASA-immunoreactive cells) and their nurse cells, the Sertoli cells (GATA4-immunoreactive cells), was performed and did not show alteration in ␣1AMPK KO mice (Fig. 2, A1-A4 and B). Evaluation of cell proliferation and apoptosis was assayed by immunostaining of the PCNA, and of terminal deoxynucleotidyl transferase-mediated deoxy-UTP nick end labeling (TUNEL). No clear difference in proliferation (including mono-and multilayer of PCNA-positive cells in seminiferous tubules), and apoptosis was noticed (Fig. 2 , A5-A8 and C). The lactate concentration produced by the Sertoli cells representing the main energetic substrate for spermatozoa was also measured. No difference was observed in testicular extract between each genotype (Fig. 2D ) in 48 h culture medium conditioned by ␣1AMPK ϩ/ϩ and ␣1AMPK Ϫ/Ϫ Sertoli cells, even after metformin stimulation (Fig. 2E ).
Our finding of ␣1AMPK expression in spermatozoa (Fig.  3A) led us to investigate the production and quality of ␣1AMPK Ϫ/Ϫ sperm. The numbers of spermatids and spermatozoa heads in testes and in cauda epididymis of wild-type and mutant mice were compared and did not show alteration (Fig. 3, B and C) . However, ␣1AMPK KO spermatozoa had twice as many head abnormalities as ␣1AMPK wild-type counterparts (␣1AMPK Ϫ/Ϫ mice, 48% of abnormal sperm heads; ␣1AMPK ϩ/ϩ mice, 26%; P Ͻ 0.01; Fig. 3D ), but flagellum length was not altered (data not shown). Only ab- normal spermatozoa with curved sheaths tended to be higher in homozygous ␣1AMPK KO mice compared with ␣1AMPK wild-type mice (P ϭ 0.05) (Fig. 3E) . Transmission electron microscopy analysis confirmed the neck abnormality without acrosome alteration (Fig. 3, F1-F4 ) and has shown disturbances during head formation (Fig. 3, F5-F8) . These results indicate a decrease in the quality but not in the production of spermatozoa in ␣1AMPK KO mice.
Mitochondrial defect reduces motility of ␣1AMPK ؊/؊ spermatozoa
Sperm analysis performed with an integrated visual optical system (IVOS) analyzer showed a 1.7-fold increase in static spermatozoa and a 2.4-fold reduction in rapid spermatozoa in ␣1AMPK KO mice compared with wild-type mice (Fig. 4A, P Ͻ 0.05) . In ␣1AMPK KO mice, spermatozoa also exhibited a decrease in velocity (Fig.  4B ) (␣1AMPK KO mice, 186 m/sec; ␣1AMPK wild-type mice, 252 m/sec; P Ͻ 0.05).
Because spermatozoa motility is strongly associated with activity of mitochondria localized in the midpiece (62), sperm mitochondria were evaluated by testing mitochondrial membrane potential, measurement of the mitochondrial respiration, and microscopic ultrastructural analysis. The percentage of active mitochondria with a high polarization tended to be reduced to about half in semen from ␣1AMPK KO mice (P ϭ 0.07, Fig. 4C ). In addition, the measurement of the mitochondrial respiration validated our preliminary results because we found a reduction of the oxygen consumption in ␣1AMPK KO spermatozoa compared with ␣1AMPK wild-type spermatozoa in all the conditions tested. ␣1AMPK KO spermatozoa presented significantly lower basal JO 2 rates of 60% (␣1AMPK wild-type spermatozoa, 2.19 pmol O 2 / sec ⅐ 10 6 cells; ␣1AMPK KO spermatozoa, 0.81 pmol O 2 /sec ⅐ 10 6 cells cells, P Ͻ 0.05) (Fig. 4D) . In addition, oligomycinsensitive and maximal JO 2 were also diminished by 50 and 30% but without reaching statistical significance. Furthermore, ultrastructural studies of ␣1AMPK KO sperm have shown a decrease in the number of mitochondria as illustrated in transverse sections of the midpiece region of spermatozoa ( Fig. 4E , P Ͻ 0.001) and a 3-fold increase in the percentage of mitochondria exhibiting dilated intermembrane space (black arrows) in contrast to wild-type sperm (Fig. 4F, P Ͻ 0.05) . During spermiogenesis, abnormal arrangement of mitochondria along microtubules in the midpiece was also observed in ␣1AMPK KO mice (Fig. 4G) . In addition, the total antioxidant capacity in the whole testis was lower in ␣1AMPK Ϫ/Ϫ mice ( Fig. 4H ,
Hyperandrogenism in male ␣1AMPK ؊/؊ mice Plasma testosterone levels were about twice as high in ␣1AMPK KO mice (Fig. 5A , P Ͻ 0.05) and more than 3-fold higher in testicular extract (Fig.  5C , P Ͻ 0.01) compared with ␣1AMPK wild-type mice. Hyperandrogenism was not associated with an alteration of the plasma cortisol level (Fig. 5B) or an increase in the number of Leydig cells in the ␣1AMPK KO mice (Fig. 5D) . However, the mean volume of the Leydig cell was significantly increased (Fig. 5E) . At the ultrastructural level, Leydig cells from ␣1AMPK KO mice exhibited an alteration of the surface occupied by smooth endoplasmic reticulum (SER), involved in synthesis of lipids and steroids, and the presence of larger structures of membranous whorls of SER compared with wild-type mice (Fig.  5F ). Additionally, ␣1AMPK KO mice presented a 5-fold increase in intratesticular cholesterol concentration, a precursor for steroid synthesis (Fig. 6A , P Ͻ 0.01). The protein level of a cholesterol carrier (StAR) and two enzymes involved in steroid production (P450c17 and 3␤HSD) was higher in ␣1AMPK KO testicular extract (1.9-, 3.1-, and 1.8-fold increase in ␣1AMPK Ϫ/Ϫ compared with wild-type mice, respectively) (Fig. 6B) . This result was associated with an increase in phosphorylation of the CREB transcription factor in Leydig cells (Fig. 6C, P Ͻ 0.001) . Phosphorylation of serine 133 is known to activate CREB and induce transcription of target genes such as StAR and 3␤HSD. Hyperphosphorylation of CREB was also observed on a basal level in purified cultured ␣1AMPK KO Sertoli cells (1.5-fold increase, Fig. 6D ).
To test whether the higher CREB activity is due to stimulation of the gonadotropin receptor pathway (a G   FIG. 4 . Analysis of spermatozoa mobility and characterization of mitochondria. Sperm mobility parameters, percentage of motile spermatozoa (A) and sperm kinematics (B) of ␣1AMPK ϩ/ϩ mice (n ϭ 6) and ␣1AMPK Ϫ/Ϫ mice (n ϭ 6), were performed by computerassisted sperm analysis. VCL, Sperm curvilinear velocity; VSL, sperm straight-line velocity. *, P Ͻ 0.05. C, Mitochondrial activity was determined by JC-1 staining and represented by percentage of high mitochondrial polarization spermatozoa (orange/red fluorescence) in ␣1AMPK ϩ/ϩ mice (n ϭ 5) and ␣1AMPK Ϫ/Ϫ mice (n ϭ 5). Low mitochondrial membrane potential was observed in green fluorescence. D, Spermatozoa suspension (2 ϫ 10 6 cells/ml) in M2 medium supplemented with 5 mM sodium pyruvate was transferred immediately, after isolation, into a stirrer 2-ml oxygraph vessel where JO 2 was recorded before and after the successive addition of 0.5 g/ml oligomycin and 1-2 M carbonyl cyanide mchlorophenylhydrazone. Data are represented as means Ϯ SEM of n ϭ 3 different spermatozoa isolations in which measurements were performed in duplicate. *, P Ͻ 0.05. E, The number of mitochondria per section of spermatozoa in the midpiece from ␣1AMPK protein-coupled receptor, cAMP-dependent pathway), the cAMP concentration was measured in the freshly recovered testis (Fig. 6E ) and in a culture medium released by purified Sertoli cells (Fig. 6F) . In both cases, basal cAMP concentrations were increased in ␣1AMPK KO mice. The high cAMP testicular concentration is not closely linked to gonadotropin secretion, because LH plasma (␣1AMPK KO mice, 0.19 Ϯ 0.02 ng/ ml; ␣1AMPK wild-type mice, 0.26 Ϯ 0.07 ng/ml, P Ͼ 0,05) and FSH plasma (␣1AMPK KO mice, 34.4 Ϯ 2.1 ng/ml; ␣1AMPK wild-type mice, 38.8 Ϯ 3.1 ng/ml; P Ͼ 0,05) and pituitary levels (LH: ␣1AMPK KO mice, 476 Ϯ 142 ng/mg; ␣1AMPK wild-type mice, 775 Ϯ 237 ng/mg, P Ͼ 0,05; and FSH: ␣1AMPK KO mice, 1367 Ϯ 193 ng/mg; ␣1AMPK wildtype mice, 2790 Ϯ 779 ng/mg, P ϭ 0,09) tended to be reduced in ␣1AMPK KO mice compared with ␣1AMPK wild-type mice.
Discussion
These data show that inactivation of the AMPK␣1 gene reduces male fertility. Indeed, ␣1AMPK
Ϫ/Ϫ males present a 20% decrease in litter size per pregnancy associated with hyperandrogenism and alteration in morphology and motility of the spermatozoa. In our study, localization of the ␣1AMPK expression has been found in germ cells and in Leydig and Sertoli cells in the testis. A previous study has identified AMPK expression in the rat testis (16) , and the authors have demonstrated by immunoprecipitation that 75% of the AMPK activity is associated with ␣1 catalytic subunit and 25% with the ␣2 AMPK subunit in the whole testis. Furthermore, the kinase of AMPK, LKB1 (27, 47) and two AMPK-related kinases (37), SNRK (35) and MARK2 (36) are also expressed in the testis. Inactivation of these genes induced alterations of fertility and in some case sterility, suggesting that AMPK/AMPK-related activity is involved in testicular function.
The high testosterone level measured in ␣1AMPK not be attributed to adrenal gland disorders or to glucocorticoid resistance (Fig. 5B ) but was associated with hyperactive Leydig cells as attested by the increased mean volume, the altered endoplasmic reticulum area, the high intratesticular cholesterol concentration, and the strong expression of proteins involved in steroid production. These results could be linked to studies that have described the activation of AMPK complexes by natural activators like curcumin (63, 64) Additionally, different models with high testosterone levels indicate alteration of sperm quality (68, 69) . Conditional deletion of ␣1AMPK in Leydig cells or administration of antiandrogen treatment should be helpful to clarify the role of testosterone in sperm quality in these transgenic mice.
In various cells, AMPK has been shown to be involved in mitochondrial function. In their work, Nakada et al. (70) showed that spermatogenesis is closely linked to mitochondrial respiration, and in a recent publication, Pelliccione et al. (71) associated asthenozoospermia with abnormal mitochondrial ultrastructure. Thus, we hypothesize that the motility disturbance observed in our ␣1AMPK KO model and in the LKB1 KO model (an AMPK kinase) showing a strong spermatozoa abnormal- ity (motility and head morphology) (47) was directly linked to mitochondrial dysgenesis. Our hypothesis seems to be confirmed, because investigation of mitochondrial integrity in ␣1AMPK KO sperm mice has demonstrated a 50% reduction in mitochondrial activity, a decrease in their number per sheath section, and a 3-fold rise in abnormal mitochondria with dilated intermembrane space structure. Moreover, in his work, Jäger et al. (72) noted that AMPK activation is required for peroxisome-proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣) activation, a key regulator of mitochondrial biogenesis (73) , and a study of Rodríguez-Cuenca et al. (74) showed that testosterone reduces PGC-1␣ mRNA levels. Therefore, in our model, the substantial rise in testosteronemia and absence of ␣1AMPK in spermatozoa could hardly reduce PGC-1␣ expression and mitochondrial biogenesis. A dysfunction of mitochondria that could also induce a high oxidative stress has been described in red blood cells from ␣1AMPK KO mice (75) . Similarly, we have measured a lower total antioxidant capacity in the ␣1AMPK Ϫ/Ϫ testis. Strangely, a mouse model inactivated for an oxidativestress sensor proteins like glutathione peroxidase 4 (76, 77) is described with structural abnormalities in spermatozoa closely similar to those observed in ␣1AMPK KO. Furthermore, these mitochondrial malfunctions were not due to a decline in available energy as lactate substrate, produced by Sertoli cells (78) , because as shown in Fig. 2 , lactate production in vivo and in vitro (even after metformin induction) by Sertoli cells was similar in ␣1AMPK KO and wild-type mice. The Sertoli cells, closely linked to germ cells, have an essential role in the shaping of the spermatid head (79) . Although ␣1AMPK KO Sertoli cells did not present abnormalities in structure and nucleus polarization (Supplemental Fig. 2) , observations of abnormalities in sperm maturation (mitochondria organization and head shape formation at the spermatid stage) suggest a role of AMPK in the cytoskeletal dynamics. Observations from transmission electron microscopy of elongated spermatids have confirmed the presence of some disrupted Sertoli cell/germ cell junctions in ␣1AMPK-defective testis (Supplemental Fig. 3) . In a recent study, Galardo et al. (80) demonstrated that AMPK affects some adhesion molecule expression and influences junction complex integrity in rat Sertoli cells. Moreover, mice deleted for adhesion molecules present in Sertoli/germ cell junctions, like nectin-2 (81) or tumor suppressor in lung cancer 1 (82) confirmed the essential role of these molecules for sperm head configuration, midpiece formation, and sperm motility. Thus, we can think that AMPK has a potential role in the cytoskeletal interaction between Sertoli and germ cells, leading to an abnormal head shape and mitochondrial organization around microtubules.
In conclusion, inactivation of the ␣1AMPK predominant isoform in somatic and germ cells has shown a major malfunction of mitochondrial activity, leading mainly to a decrease in sperm quality (morphology and mobility) and alteration of steroid production as described in Fig. 7 . Hence, the use of an AMPK activator such as metformin, an insulin sensitizer used in the therapeutic management of type 2 diabetes mellitus, raises the question of its potential consequences in human male fertility.
